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SUUUARY 

In connection with engine tests aiade by the National Advisorj' 
Committee for Aeronautics oi? thn induction of watez- ivith the inlet 
air £10 a means of ititernal cooling of aircraft-engine cylinders « 
s-itce preliminary calciilationj have been made for the effects of 
water in coolinrj thie inlet air and also for the temperatures to 
■which the exliaiist t;as TNDuld havfi to bra 'pooled in oi*der to recover 
sufficient water for this internal f?np;ino cooliiig. The estinaies 
indicate tiiab tlie cooling? ef Tout of the water o:i tlie inlot air can 
be laorn extenalvii than ths ooollnfj now obtained with inbercnolers 
or aftercoolers in the air- induction uyshem. In connection with 
water r-jcnvery from the *»xhaust gay, the estimates iiidicate ttifit 
smi'icient water cm be recovered froni ^0 perct-nt of the exiia'ist 
Ras t/3 prjvile an iiid>icteil writer- fuel xatio of 0.f>. 



IHTRODUGTION 

In reference 1 dat-a are presented on the use of water as an 
internal engine coolant to s'lppross knock and to maintain permissible 
engine touqieratureu at hi;^ier power outputs than ai-e permitted with 
present en(;ine coollnc;. After the data liad been obtained from the 
tusts reported in rofcrence 1, ustimates were madu at Langley l£emo- 
rial Aeronautical Laboratory of the effect of water in cooling the 
incoming charge and of the temperature requlreiaents of an apparatus 
to recover from the exhaust pas the water required for this internal 
cooling. (The results of these estimates, presented herein, are 
net cousldored uomplcitc but are considered, to be preliminary estimates 
Uiat will provide a ba:;is for a more extensive jjnvestigation of this 
problem. ) 
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EFFECT OF INTEEiNiU:. COOLANT ON STikTE OF INCOMING CHARGE 

Estimates of Partial Voliiine of Air for Different 
Amounts of Water Vaporized In the Inlet Air 

Figure 1 shows the relation of the fuel-air ratio F/A and the 
water-air ratio W/A for complete vaporization of the water to the 
pfurtial pressure of the air for constant total pressure at various 
water-fuel ratios. In these calculations it is assuasd that the 
molecular weight of tho air is 28.8. The ratio of the partial pres- 
sure of water vapor to the partial pressure of the air p^ is 

therefore j x 1.60, In which 1.60 is the ratio of tlie moleculeu: 

weight of air to the molecular weight of water. The equation for 
determijiing the tlata in figure 1 therefore becomes: 



Pa 



Pw * Pa 1.60 ^ + 1 



(1) 



A 
Pa 

The values ^ represent the specific density of the air rela- 
Pw "a 

tive to dry air for a constant total pressure and a constant temper- 
ature at various water-air or water- fuel ratios. 



Estimate of delation between Temperature and Total 
Pressure on Water-Air Ratio at Saturation 

Figure 2 presents the relation between air temperature and water- 
air ratio at saturation for different total pressures. In the compu- 
tation of these data, the saturated-Avater vaporization pressures at 
different temperatures were taken from reference 2. 

Calculations were made as follows: At an aasumed -Lemperature 
of 100^ F, the water-vapor pressure at saturation is 1.93 ^Jiches of 
mercury absolute. The water-air ratio at saturation is given by 

W _ 1.95 X 13 

A (p - 1.93) 28.8 ^ ' 

in which p is the total pressure in inches of -nercury absolute and 
13 is the molecular weight of water. If the wfitor-air ratio f;iven 
in figure 2 is assumed to represent the watur vaporized for inter- 
ooollng of tlie charge between the suoercharger and the engine, it 
must necessarily be assumed that the iiiLct air was dry previous to 
the induction of the water. 
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In figure 3 additional curves are presented In which It Is 
assumed that the air was at various degrees of humidity before the 
"vater was injected into the' Ihlef airi. in this case the water-air 
ratio at the Epecified humidity and pressure is subtracted from the 
water-air ratio at total vaporization. 



Estimate of Water Vaporization as a Means 
of Cooling the Inlet Air 

In the calculations of water vaporization, it is assumed that 
the water inducted is a liquid at a temperature of 60° F. The calcu- 
lations are made by equating the gain in enthalpy of the water in 
changing from liquid at a temperature of 60° F to a vapor at the 
eq'iilibrium temperature to the loss of enthalpy of the air. For 
instance, with an assumed initial rilr temperature of 2^0^ F, the 
equation becomes: 



W O.giil (2^0 - t) . . 

A ■ hg^ - 28.1 

where 

Cp specific heat of the 'lir «jt constant pressure, 
^ Btu/(pound)(°F), 0.2U1 

t equilibrium temperature, °F 

h enthalpy of water at 60° F, Btu/pound, 28.1 

hg enthalpy of water vqpor at eq'iilibrium temperature, 
* 3tu/tound 

In the solution of equation (3)> different values of t are used 
and the values of ff/A are coraputed. The results are shoum in 
figure h' 

The data in figure U represent the degree of cooling of the 
inlet air for different water-air ratios, assuming complete vaporizar- 
tion of the water. If these curves are superimposed on the curves 
in figures 2 and 3, d<!ta that show the final temperature of the air 
at saturation for various outlet temperatures qnd pressjires from the 
supercharger are determined. (See figs. 5 and 6.) In each case 
the intersection of the curves of temperature of the air from the 
supercharger and the saturation curves represents the final tempera- 
ture of the mixture of air and water vapor. These intersections are 
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plotted in figure 7, which shows that appreciable intercooling or 
aa'tcrcoolinp of the air from the supercharger is to be obtained from 
the vaporization of the indiicted water, even for air of high hmnidity. 
The data indicate that^ through the use of water injection, inter- 
coo Ijjig or after cooling in the supercharger migtit be eliirdnatsd. 
ConsfiqaentJLy, the adaitioiial weight of a water-recovery apparatus for 
all x.<r part of tJie exhaust gases mif^ht be offset by the elimination 
of the supercharger inberoooler or aftercooler. 

Computations made from the data in ri^nu'es 1 and 7 and Wie 
reaulis presented in f i^urea 6 '"md 9 show the increase in density 
of the 3.nco!iiinf; air tliat results from coolinf: the air by vaooriaation 
of the i-:atcfr to tlie saturation poiiit. In Uie engine tests presented 
in reference 1, water-fuel ratios used were greater than the ratios 
reached at saturation. In these cases Uie vaporization of tJio water 
injv.-cte<1 into the induction system would also bo dependent upon tiie 
jiodnt and manner of L'ljoction, and Lhe completion of evaporation of 
this water would take fdarje v/ithin the cylinder thus Iritornally 
C'.'oLlnf: the aiig-Lne by ubsorb.'ng heat during the compression stroke 
or durSjrig the combustion process. Consequeiitly tlie tntaL effective 
cooiinn that can be cbtainei by ln.iecti.ng water into the incoming 
charge may be greater than that given in tlie prece'lLng figures. 

The heat r3qijireJ to vaporize the portion of th.i water va:iorized 
before the mixture is inducted int-:? the cyliJider joes not enter into 
tJie efficiency of t]rie aifjine. The heat of v^aporizatlon extracted 
irom the air auring the conpresuioii stroke j.i\ist be considered in the 
nst\i.'iatQ of bhe elficiency of tlie engjjie. 



TE'PERATUaS HTi:^UIREf>:!3^'iS or ^TATZR-PJfiCOVEltY aPPAP.ATUS 

Lstj.mate oT Partial Prens-.U'G of Water in Exhaust Gas 

According to roferonce 3, at a fuel-air r.iLi:3 of 0.067, the water 
conttnt of the e:<J'jaust gas ia li+.l percent ''y vol'ijme of the dry oxtiaust 
pas. This value is eqiii-valerit to :.2.^ porcent of thi.- total pressure 
if the (JX^la'I:^t fares a;id th(3 ratio of tiie wabor formod is 1.2y limes 
ttie ■wcj-iiht of fuoi inducted. H" ratcsr is introduced intr; t!ie .'.nlet 
ir,an:.f -jid, the pt;rceritar;tj of tubal water ±,\ tlie eachiaust pas will, of 
couj-ar, iucroaso. r.stim"it(*3 oL" pai'LiCil pressiires of water in the 
Rxiiaust r.iia ior -ii-f fei'r:nt qu-'intitii-s of ivator i:iiuct.;d witfi Wie inlet 
charra ar-i 'jrcsentrfJ ir; iJiu followinf; table: 
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ffater/fuel 
tn esdiaiist 


Water/fuel 
in djilet ' 


Water in dry 
exhaust 
(percent by volunie) 


Partial pressure of 
fiater In esdiaust 
(percent) 


1.25 


0.0 


llv.l 


12.3 


1.75 


.5 


19:7 


16,5 


2.25 


1.0 


25.U 


20.3 


2.75 


1.5 


31.0 


23.7 


3.25 


2.0 


36.7 


26.8 



The curves for the partial pressure of the total water content 
under these oonditionB are ohown In figure 10. The line 'fl/F - 0 
represents the partial pressure of the water formed in the exhaust 
p.SLsea. 



Saturation Temperatures of Exhaust Gas 

The first problem in the recovery of water for recirculation in 
the engine is the de ternination of the temper iture to whicii the exhaust 
naa will hav« to be cooled in order to recondense the water. If water 
is recirculated from the exhaust gas to the inlet manifold, only the 
portion oL" tl^e water that is to bd uaei for the recirculation need 
be recovereli that is, after the ^sben^ has once readied equilbrium, 
the water formed by coi:ibusLion need not ha recovered except to replace 
losses and possibly to iirovide for elimination of condensed moisture 
trciils. 

Figure 11 presents the relationship between the temperature and 
the saturated vapor pressure of water. From the curve for a water- 
fuel ratio of 0 In figure 10, partial pressures at the different total 
presstires are chosen and the corresponding saturation temperatures 
are determined from figure 11. The saturation temperatures ab each 
pressure are taken from reference 2. From a standard altitude table 
(reference ij.) the altitudes giving atnvDspheric pressure equivalent 
to the total pressures ore also determined. If these altitudes are 
plotted against the corres;.7ondinG saturation temperatures (fl^. 12), 
the percentage of water of combustion formed at each altitude is 
determined. The curve for 100 percent of the water of combustion 
causing saturation re'^iresents the ter^erature at each altitude to 
which the ejdiaust gas will have to be cooled to condense all water 
except the water formed during the combustion i>i\3cess, provided that 
the pressure of the exhaust gas is the pres£'-ure of the ambient air. 
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This 100-percent curve in figure 12 does not allov for any water 
to be lost} that is, the assumption is made that all the irater recov^ 
ored is inducted into the inlet air and an equilibrium is established 
in regard to the water being circulated. An estimate of the required 
temperatures to -rfiich the exhaust gas Yiill have to be cooled to pro- 
vide additional irater condensation to cover losses is made from the 
two curves in figure 12 for 50 percent and 25 percent of the water of 
combustion causing; saturation. These curves Indicate at each alti- 
tude the temperature to which the exhaust gas will have to be cooled 
in order to o-jndsnse, in addition to the water that is being recircu- 
ieited to the inlet air, ptivceat and 75 percent of blje water formed 
by the comDustlon process. 

The curves of figure 12 represent the maximum allowable temper- 
ature to which the exhaust gas must be cooled. The data s^dw that at 
hij^ altitudes there is not too much difference between the freezing 
temperature and Hie teiTiperature r^iquircd for condensation of the water. 

Estimate of Effect of Percentage of Exhaust Gas Passed through 
Water Recovery Equipment on Total Water Recovered 

The data in fifture 12 show ih-at tie benperature variation required 
for the condensation oi different percentages of the water of combus- 
tion j.s small. For this reason it may bu advisable. In reclaiming 
varying amounts of th^i --.Tater content of the e>iiaust gas, to bypass a 
fraction of the exhaust gas tlirougii the water recovery equipment and 
to extract iti much r>;:.bfjr as possiblu from this fraction. 

If it is assianed that fi'on tho gas passed tltrough the water 
rc'Co-very equipanent, a niasc- of water is recovered equal to the mass 
oi aJl the injection wat^r containoi in that ras plus a certain 
f ruction of the v/ator of c03ib;iption containci therein, then 

Wm = m (Wj + TikiQ) 

where 

tntal witer recovered 
Wj water inducted into inljt manifold 
Wq water forcied by combustion 

m porcsnta'^e of nxtiaust gas n. ssod throu»»Ii aTtercoole"' 
n percentage "f -.Tater o£ corobuiij-on rocovored 
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At equilibrium V- 




Therefore 



T , -mn 



m 



If the values of the ratio V^/^ are multiplied by 1.2$, the 

ratio of Tiater of combustion to fuol as given in reference J at a 
fuel-air ratio of 0.06?^ the equilibrium values for the ratio of 
irater recovered to fuel inducted are given. These values are plotted 
in figure 13 . If ^0 percent of the exhaust gas is passed throu^ 
the water recovary equipment and the water is recovered doim to 
$G percent of the water fonoed by combustionf the wateir-fuel ratio 
is 0.6, a value that Is sufficiently below a knock limit to reduce 
the octane requirement of an engine burning 100-octane fuel to 
80-octane fuel (reference 1). 

In connection with tho use oJ;' turbo svipijrchargera, it is pointed 
out that the data presented in figure 7 of reference 1 indicate that 
introducing water into the incoming charge di-i rot Icwer the eshaust- 
gas teioperature although admittedly the facilities for the measurement 
of Qxhaust-gas temperatures were not satisfactory. 

Based on these data the use of water Induction as an internal 
coolant //ill probabl/ not result in difficaLties lohen the power plant 
also employs a tiurbosuporchargei-. Actually a temperature drop in the 
exhaust gr.B in-ior to its passage through t!ie t'-TrbosaT^ercbarger is 
pemdssible. 



The estimates presented herein indicate: 

1. Tlie use of water as an internal coolant provides a method 
for obtaining; an appreciable teinperaturo drop in the incoming charge. 

2. The use of water as an internal coolant appreciably increases 

the qauntity of air inducted into the engine if vaporization to satu- 
ration is completed before the charge enters the engine. 



caicLraioi?s 



3, Water- fuel ratios up to 0.3 can be achieved by the recovery 
of water from one hall' the exjiaust gas. 



■Ill iiiiiiiai I mill Mil ■ ■iiniHiwii huh 
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U. It Is apparen-b that certain practical problems idU arise 
in connection irlth the application of water recovery eqiiipnent, but 
the study of these phases is beyond the scope of the present paper. 



Aircraft Engine Research Laboratory^ 

National Advisory Conialttee for Aeronautics, 
Cleveland, Ohio. 
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.10 .11 .12 

ru*l-air ratio 

Pigur* 1 . - Relation of wat*r-«lr ratio and ru*l-«lr ratio for oomplata vaporisation of 
witor to partial pnanira of air for oonatant total praanir*. 
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120 140 160 180 

Temperature, op 

Flfure Z • - Relation between teaperature, total preaaure, and water-air ratio at o 
saturation. Air dried before induction of water. Water inducted as a liquid at 60 F. 
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120 160 
TMiperatur*. °T 

ricur* 3 . - Relation betw««n tmpcratura, total preisure, and water-air ratio at saturation 
for diffarant Taluaa of buaidltr bafore watar is injectad Into air. Tha water-air ratio 
rapraaants the water vaporised to oause saturation in, addition to tbe water already 
oontainad in tha air. water induetcA as a liquid at (Xfi T. 
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Pinal temperature of air from supercharger, 
Figure 4 , - Relation between final temperature of air from supercharger 
after vaporltation of water and amotint of water vaporlted, expressed 
as water-air ratio, for different outlet temperatures from ttas super- 
charger. Water inducted as a liquid at 60" F. 
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Figure 5. - Relationship of final temperatures of air from supercharger cooled by vapor- 
ization of different quantities of water at saturation. Air dried before Introduction 
of water. Water Inducted aa a liquid at 60° F. 
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100 12b i>W 160 180" 

Pinal temperature of air from super obarger, **F 

Flgvire 6. - Relationship of final temperatures of air from supercharger cooled by 
vaporization of different quantities of water at satxiratlon. Different humidities 
for air before Induction of cooling water are assumed. Water Inducted as a liquid 
at 60° F. 
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Outlet-alr temparature from aupareharger , 
Figure 7 . - Relation batvaan outlat-alr temparature from auperohargar and final temparature 
of air Mfaen sufficient ooollng water la Indueted for saturation of tbc air. Vatcr 
Inducted as a liquid at 60" F. 
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m. Ta«perature of air fro» «upercharBer preceding vaporisation of water °r 

Kni4'ln«5:i«'S PrSoodlng "lioSuSilon o?'w;er and 

daaaity Ineraaae of air at tha final air-water mixture temperature for saturation. 
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Final temperature of air from supercharger, °T 
Figure 9. - Relation between air-water saturation temperature 
and increase of air density through vaporisation of water 
-to saturation point. 
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10 15 80 25 30 

Totatl exhauBt-gas pressure, In. Hg abs. 
Figure 10. - Relatlonihlp between total preaaure of exhaust gas and partial pressure of 
water vapor in the exbaust gas for different quantities of water induoted with the 
inlet-air. The water-fuel ratio V/F represents the ratio of inducted water to indueted 
fuel. Fusl-alr ratio, . 0,067. 
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Figure LI. - Aclatlon batwaan taaparatura and saturatad vapor praaaura of watar. 
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Flcurs 12. - Rslatloa b«tv«cn •xbaust-ga« aaturata* and altltuda. Fucl-alr ratio, O.Oe?- 
It la asaiMMd that tha cxhauat (as la at the aMblant prcasura at tha laOleatad altltuda. 
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